After the identification of a new lead bisphenol compound that had good topoisomerase II␣ (EC 5.99.1.3) inhibitory activity, a series of bisphenol analogs were synthesized and tested to identify the structural features that were responsible for their activity. The bisphenols represent a new structural class of topoisomerase II inhibitor that potently inhibited the growth of Chinese hamster ovary and K562 leukemia cells in the low micromolar range. The fact that cell growth inhibition was significantly correlated with topoisomerase II␣ inhibition suggests that the catalytic inhibition of topoisomerase II␣ probably contributed to their growth inhibitory activity. Only one of the bisphenols (O3OH) tested significantly induced topoisomerase II␣-mediated cleavage of DNA. Most of the bisphenols displayed only low-fold cross-resistance to a K562 subline containing reduced levels of topoisomerase II␣ Thus, it is likely that most of the bisphenols inhibited cell growth, not by acting as topoisomerase II poisons, but rather by acting as catalytic inhibitors of topoisomerase II␣. Three-dimensional quantitative structure-activity analysis (3D-QSAR) was carried out on the bisphenols using comparative molecular field analysis (CoMFA) and comparative molecular similarity index analysis (CoMSIA) to determine the structural features responsible for their activity. The CoMSIA analysis of the topoisomerase II␣ inhibitory activity yielded a statistically significant model upon partial least-squares analyses. The 3D-QSAR CoMSIA analysis showed that polar meta hydrogen bond acceptor substituents on the phenyl rings favored inhibition of topoisomerase II␣. For the hydrogen bond donor field, para-and meta-substituted hydroxyl groups favored inhibition. Hydrophobic substituents on the bridge atoms disfavored inhibition.
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Topoisomerase II (EC 5.99.1.3) alters DNA topology by catalyzing the passing of an intact DNA double helix through a transient double-stranded break made in a second helix, and it is critical for relieving torsional stress that occurs during replication and transcription and for daughter strand separation during mitosis (Fortune and Osheroff, 2000; Li and Liu, 2001; Wang, 2002) . Mammalian cells contain ␣ and ␤ isoforms of topoisomerase II, with topoisomerase II␣ being the most highly expressed in cells undergoing division (Akimitsu et al., 2003) . Several widely used anticancer agents, including doxorubicin, daunorubicin (and other anthracyclines), amsacrine, etoposide, and mitoxantrone also target topoisomerase II, and they are thought to be cytotoxic because they are topoisomerase II poisons (Fortune and Osheroff, 2000; Li and Liu, 2001) . Stabilization of the so called "cleavable complex" by topoisomerase II poisons increases the levels of protein-concealed DNA doublestrand breaks in cells (Wilstermann and Osheroff, 2003) . The action of DNA metabolic processes then transforms these complexes into permanent double-strand breaks, which are highly toxic to cells (Zhang et al., 1990) .
In contrast, the catalytic inhibitors of topoisomerase II do not increase the levels of DNA breaks in cells at pharmacologically relevant concentrations. There are several classes of structurally unrelated catalytic inhibitors, including the bisdioxopiperazines , , the anthracycline derivative aclarubicin, merbarone, the quinobenzoxazines, and novobiocin (Hasinoff et al., 1995; Andoh and Ishida, 1998; Larsen et al., 2003) . In this study, we report the discovery and synthesis of a new bisphenol class of topoisom-erase II inhibitors. A lead bisphenol analog was obtained subsequent to screening compounds from the National Cancer Institute for the inhibition of the decatenation activity of topoisomerase II␣. Several of these bisphenols showed submicromolar inhibition of the decatenation activity of topoisomerase II␣. Only one of the bisphenols tested increased the levels of topoisomerase II␣-DNA covalent complexes, which suggests that these compounds largely inhibited cell growth by acting as catalytic inhibitors of topoisomerase II. The topoisomerase II␣ inhibitory activity of the bisphenols were analyzed using 3D-QSAR modeling methods to identify the structural features responsible for their activity.
Materials and Methods
Materials and Synthesis of Bisphenols. pBR322 plasmid DNA was obtained from MBI Fermentas (Burlington, ON, Canada), and the kDNA was from TopoGEN, Inc. (Columbus, OH). HindIII was from Invitrogen (Burlington, ON, Canada). Unless indicated, other chemicals were from Sigma-Aldrich (Oakville, ON, Canada). The MTS CellTiter 96 AQueous One Solution Cell Proliferation Assay kit was obtained from Promega (San Luis Obispo, CA). The structures of the compounds tested are shown in Fig. 1 . DHDPS1, DHPDS2, SCHO1, SCHO2, OCHO1, OCHO2, S3OH, S4OH, O3OH, bisAC3, bispCP5, and cyclofenil diphenol were synthesized and characterized by 1 H and 13 C nuclear magnetic resonance spectroscopy and electrospray ionization mass spectrometry as described in Supplemental Material. Of these compounds, OCHO1 and S3OH have not been described previously. DHDP, TDP, EIBP, BHPM, and 4,4Ј-dihydroxybenzophenone were purchased from Sigma-Aldrich, and the NSC-labeled 1 compounds were obtained from the National Cancer Institute (Bethesda, MD). The linear and nonlinear least-squares analyses were done with SigmaStat (Systat Software, Inc., Point Richmond, CA). The error bars shown are Ϯ S.E.M. Cell Culture and Growth Inhibition Assays. Human leukemia K562 cells, obtained from the American Type Culture Collection and K/VP.5 cells (a 26-fold etoposide-resistant K562-derived subline with decreased levels of topoisomerase II␣ and topoisomerase II␤ mRNA and protein) (Ritke et al., 1994b) were maintained as suspension cultures in Dulbecco's modified Eagle's medium (Invitrogen) containing 4 mM L-glutamine and supplemented with 20 mM HEPES (Sigma-Aldrich, St. Louis, MO), 10% fetal calf serum (Invitrogen), 100 units/ml penicillin G, and 100 g/ml streptomycin in an atmosphere of 5% CO 2 and 95% air at 37°C, pH 7.4. The spectrophotometric 96-well plate cell growth inhibition MTS assay, which measures the ability of the cells to enzymatically reduce MTS after drug treatment, has been described previously . The drugs were dissolved in dimethyl sulfoxide. The final concentration of dimethyl sulfoxide did not exceed 0.5% (v/v), and it was an amount that had no detectable effect on cell growth. The cells were incubated with the drugs for the times indicated and then assayed with MTS. IC 50 values for growth inhibition in both assays were measured by fitting the absorbance-drug concentration data to a four-parameter logistic equation as described previously . Typically, 10 different concentrations were used in the nonlinear least-squares analysis to construct the dose-response curves and to obtain the IC 50 values. For 15 of the 23 bisphenol compounds, IC 50 values for K562 growth inhibition were obtained from averaging experiments that were run two to four times on a different days. CHO cells (type AA8; ATCC CRL-1859), obtained from the American Type Culture Collection (Manassas, VA) and DZR cells (a dexrazoxane-resistant CHO cell line we described previously) (Hasinoff et al., 1997; Wu and Hasinoff, 2005) were grown in ␣ minimal essential medium (Invitrogen) containing 20 mM HEPES, pH 7.4, and they were assayed for their growth inhibitory effects using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium assay as described previously (Hasinoff et al., 2004) . 1 The structure and the names of all the National Cancer Institute NSC numbered compounds used in this study can be found at http://129.43.27.140/ ncidb2/. Fig. 1 . Structures of the bisphenols tested for inhibition of topoisomerase II␣ and inhibition of cell growth.
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Topoisomerase II␣ kDNA Decatenation Inhibition Assay. A spectrofluorometric decatenation assay was used to determine the inhibition of topoisomerase II␣ by the bisphenols (Hasinoff et al., 2004 Liang et al., 2006) . kDNA consists of highly catenated networks of circular DNA. Topoisomerase II␣ decatenates kDNA in an ATP-dependent reaction to yield individual minicircles of DNA. The 20-l reaction mixture contained 0.5 mM ATP, 50 mM Tris-HCl, pH 8.0, 120 mM KCl, 10 mM MgCl 2 , 30 g/ml bovine serum albumin, 50 ng of kDNA, test compound (0.5 l in dimethyl sulfoxide), and 20 ng of topoisomerase II␣ protein (the amount that gave approximately 80% decatenation). Using a high-copy yeast expression vector, fulllength human topoisomerase II␣ was expressed, extracted, and purified as described previously . The final dimethyl sulfoxide concentration of 2.5% (v/v) was shown in controls not to affect the activity of topoisomerase II␣. The assay incubation was carried out at 37°C for 20 min, and it was terminated by the addition of 12 l of 250 mM Na 2 EDTA. Samples were centrifuged at 8000g at 25°C for 15 min, and 20 l of the supernatant was added to 180 l of 600-fold diluted PicoGreen dye (Molecular Probes, Eugene, OR) in a 96-well plate. The fluorescence, which was proportional to the amount of kDNA, was measured in a Fluostar Galaxy (BMG, Durham, NC) fluorescence plate reader using an excitation wavelength of 485 nm and an emission wavelength of 520 nm. IC 50 values for inhibition of topoisomerase II␣ decatenation activity were measured by fitting the fluorescence-drug concentration data to a fourparameter logistic equation as described previously . Typically, 10 different concentrations were used in the nonlinear least-squares analysis to construct the dose-response curves and to obtain the IC 50 values.
Topoisomerase I pBR322 DNA Relaxation Inhibition Assay. A gel assay was used to determine whether the bisphenols inhibited topoisomerase I. The recombinant human topoisomerase I, pBR322 DNA, and assay buffer were from TopoGEN, Inc. The 20-l assay mixture contained 50 ng of pBR322 DNA, 0.5 units of topoisomerase I, and 10 M test drugs. After 30-min incubation at 37°C in assay buffer, the reaction was terminated with 0.5% (v/v) SDS and 25 mM Na 2 EDTA. Electrophoresis was carried out as described for the topoisomerase II␣ cleavage assay below, except that neither the gel nor the running buffer contained ethidium bromide, to obtain good separation of the relaxed and supercoiled DNA. In the absence of ethidium bromide, the supercoiled DNA runs ahead of the relaxed DNA.
pBR322 DNA Cleavage Assays. Topoisomerase II-cleaved DNA complexes produced by anticancer drugs may be trapped by rapidly denaturing the complexed enzyme with SDS (Burden et al., 2001; Liang et al., 2006) . The drug-induced cleavage of double-stranded closed circular pBR322 DNA to form linear DNA was followed by separating the SDS-treated reaction products using ethidium bromide gel electrophoresis as described previously (Burden et al., 2001; Liang et al., 2006) . The 20-l cleavage assay reaction mixture contained 100 M drug, 150 ng of topoisomerase II␣ protein, 80 ng of pBR322 plasmid DNA (MBI Fermentas), 0.5 mM ATP in assay buffer [10 mM Tris-HCl, 50 mM KCl, 50 mM NaCl, 0.1 mM EDTA, 5 mM MgCl 2 , 2.5% (v/v) glycerol, pH 8.0, and drug (0.5 l in dimethyl sulfoxide)]. The order of addition was assay buffer, DNA, drug, and then topoisomerase II␣. The reaction mixture was incubated at 37°C for 10 min, and it was quenched with 1% (v/v) SDS and 25 mM Na 2 EDTA. The reaction mixture was treated with 0.25 mg/ml proteinase K (Sigma-Aldrich) at 55°C for 30 min to digest the protein.
The linear pBR322 DNA cleaved by topoisomerase II␣ was separated by electrophoresis (1 h at 8 V/cm and then 15 h at 1 V/cm to obtain good separation of the supercoiled and relaxed DNA) on a 4 mM Tris base/0.11% (v/v) glacial acetic acid/2 mM Na 2 EDTA buffer/0.5 g/ml ethidium bromide/1.2% (w/v) agarose gel. The DNA in the gel was imaged by its fluorescence on an Alpha Innotech (San Leandro, CA) Fluorochem 8900 imaging system equipped with a 365-nm UV illuminator and a charge-coupled device camera.
Thermal Denaturation of DNA Assay. Compounds that intercalate into DNA stabilize the DNA double helix and increase the temperature at which the DNA is denatured (Priebe et al., 2001 ). The effect of 2 M concentrations of the compounds on the change in the DNA thermal melt temperature (⌬T m ) of sonicated calf thymus DNA (5 g/ml) was measured in 10 mM Tris-HCl buffer, pH 7.5, in a Cary 1 (Varian, Mississauga, ON, Canada) double-beam spectrophotometer by measuring the absorbance increase at 260 nm upon the application of a temperature ramp of 1°C/min. The maximum of the first derivative of the absorbance-temperature curve was used to obtain the ⌬T m . Doxorubicin (2 M), which is a strong DNA intercalator, was used as a positive control (Priebe et al., 2001) .
Modeling and Conformation Search. All molecular modeling was done using SYBYL 7.2.3 (Tripos, St. Louis, MO) on an XW4100 PC workstation (Hewlett Packard, Palo Alto, CA), with a Redhat Enterprise 3 Linux operating system. All molecules were built using SYBYL. Geometry optimization was carried out with the Tripos force field using a conjugate gradient with a convergence criterion of 0.01 kcal/mol and Gasteiger-Huckel charges and a distance-dependent dielectric constant.
Three-Dimensional Quantitative Structure-Activity Analyses. The CoMFA and CoMSIA analyses require that the 3D structures of the molecules be aligned to a core conformational template that is their presumed active form (Cramer et al., 1988; Klebe et al., 1994; Kubinyi et al., 1998) . For the CoMFA analysis, steric and electrostatic field energies were calculated using an sp 3 carbon with a van der Waals radius of 1.52 Å as the steric probe and a ϩ1 charge as an electrostatic probe. Steric and electrostatic interactions were calculated using the Tripos force field with a distance-dependent dielectric constant at all lattice points of a regular-spaced (2-Å) grid. The energy cut-off was 30 kcal/mol. The alignment and lattice box used for the CoMFA calculation were also used to calculate similarity index fields for the CoMSIA analysis. Steric, electrostatic, hydrophobic, and hydrogen bond donor and acceptor fields were evaluated in the CoMSIA analysis. Similarity indices were computed using a probe atom with a ϩ1 charge, radius of 1 Å, hydrophobicity of ϩ1, hydrogen bond donating of ϩ1, hydrogen bond acceptor of ϩ1, and attenuation factor ␣ of 0.3 for the Gaussian-type distance. A partial least-squares statistical approach, which is an extension of multiple regression analysis in which the original variables are replaced by a set of their linear combinations, was used to obtain the 3D-QSAR results. All models were investigated using the leave-one-out (LOO) method, which is a cross-validated partial least-squares method. The CoMFA and CoMSIA descriptors were used as independent variables, and the pIC 50 value was used as the dependent variable to derive the 3D-QSAR models. The cross-validated correlation coefficient q 2 and the optimum number of components (N) were obtained by the LOO method. The final model (non-cross-validated conventional analysis) was developed and yielded the non-cross-validated correlation coefficient r 2 , with the optimum number of components.
Results
Effect of Bisphenols on Thermal Denaturation of DNA. Doxorubicin (2 M), which is a well known DNAintercalating drug (Priebe et al., 2001) , was used as a control, and it was observed to increase the ⌬T m of sonicated DNA by 13.2°C from 71.0°C. The following compounds were tested at 2 M to see whether they affected the ⌬T m : NSC38049, NSC85582, NSC402321, DHDP, NSC58409, SCHO1, SCHO2, TDP, BHPM, and EIBP. None of these compounds significantly changed the ⌬T m (data not shown); thus, it can be concluded that they did not act, at least at the concentrations tested, by binding to DNA.
Effect of Bisphenols on K562 Cell Growth Inhibition. Examples of the growth inhibitory effects of the bisphenols S4OH and DHDP on K562 cells are shown in Fig. 2A . The IC 50 data for the growth inhibitory effects of all the bisphenols tested on K562 and K/VP.5 cells are given in Table 1 . It can be seen from the data in Table 1 from a comparison of the structure of DHDP with the 4,4Ј-bisphenol analogs TDP, BHPM, EIBP, DHDS2, and DHDS1 that an electronegative atom, such as sulfur or oxygen, in the bridge between the phenyl rings increased growth inhibitory activity compared with a CH 2 or CHCH 3 bridge (IC 50 values: DHDP Ͻ TDP Ͻ EIBP Ͻ BHPM). Further substitution of the carbon linker (as in bisphenol A) or conversion of the methyl-substituted carbon linker in BHPM into either a ketone (4,4Ј-dihydroxybenzophenone) or double-bonded conjugates (bispAC3, bispCP5, or cyclofenil diphenol) had little positive effect on activity. Conversion of the sulfur in TDP to a sulfone or sulfoxide also decreased activity. A comparison of the sulfones S4OH, DH-DPS2, and S3OH indicated that electron donor groups at the 3,3Ј positions increased activity (IC 50 values: S4OH Ͻ S3OH Ͻ DHDPS2).
Bisphenols Inhibited the Decatenation Activity of Topoisomerase II␣ but Did Not Inhibit the Relaxation Activity of Topoisomerase I. As shown in Fig. 2B for S4OH and DHDP specifically, and in Table 1 for all compounds tested, the bisphenols varied considerably in their ability to inhibit decatenation activity of human topoisomerase II␣. This assay is a measure of the inhibition of catalytic enzyme activity only, and it is not a measure of whether these compounds acted as topoisomerase II poisons as do some widely used anticancer drugs (Fortune and Osheroff, 2000; Li and Liu, 2001) . The activity of the sulfoxide S4OH was close in activity to the oxygen-ether O3OH. An electronegative atom such as a sulfoxide (as in S4OH) or an oxygen (as in O3OH) or sulfur (as in SCHO1 OR SCHO2) in the bridge between the phenyl rings increased topoisomerase II␣ inhibitory activity compared with a CH 2 bridge (BHPM). Substitution of the 3-position in the oxygen-ether DHDP with a single OH (as in O3OH) increased activity, whereas replacement at the 3-or 3Ј-OH with one or two formyl groups decreased activity (OCHO1 and OCHO2, respectively). Conversely, when TDP with a sulfur-ether was modified with the addition of either one or two formyl groups (SCHO2 and SCHO1, respectively) activity was increased. The most potent topoisomerase II␣ inhibitor, the biscatechol sulfoxide S4OH, was also more potent than S3OH, indicating a preference for 3,3Ј-electronegative substitution. The two sulfones tested NSC38049 and NSC40763 were of lower activity, suggesting a sulfoxide (or a sulfur or oxygen) was more favorable for activity. As with K562 cell growth inhibitory activity, further substitution or conversion of the linker in EIBP (as in bisphenol A; 4,4Ј-dihydroxybenzophenone; bispAC3; bispCP5; or cyclofenil diphenol) did not improve activity.
Experiments to determine whether the bisphenols had Fig. 2 . Bisphenols inhibit K562 cell growth and the catalytic decatenation activity of topoisomerase II␣, but they do not inhibit the relaxation activity of topoisomerase I. A, inhibition of growth of K562 cells by S4OH (E) and DHDP (F). Cells were treated with the bisphenol indicated for 72 h before assessment of growth inhibition by an MTS assay. The curved solid lines are nonlinear least-squares fits to a four-parameter logistic equation, and they yield IC 50 values of 64 Ϯ 24 and 9.7 Ϯ 5.5 M, respectively, for S4OH and DHDP. B, inhibition of the catalytic decatenation activity of topoisomerase II␣ by S4OH (E) and DHDP (F). The curved solid lines are nonlinear least-squares fits to a four-parameter logistic equation, and they yield IC 50 values of 0.69 Ϯ 0.07 and 31 Ϯ 12 M, respectively, for S4OH and DHDP. C, effects of bisphenols and camptothecin on the ability of topoisomerase I to relax supercoiled pBR322 DNA. This fluorescent image of the ethidium bromide-stained gel shows that the bisphenols did not detectably inhibit the relaxation activity of topoisomerase I, whereas the topoisomerase I inhibitor camptothecin did (lane 1). All lanes except lane 2 contained topoisomerase I. All drugs, where indicated, were present at a concentration of 10 M in the assay mixture. In this gel, which was stained with ethidium bromide after it was run, the supercoiled DNA (SC) ran ahead of the relaxed DNA (RLX). A small amount of nicked circular (NC) is normally seen in pBR322 DNA.
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at ASPET Journals on August 27, 2017 molpharm.aspetjournals.org specificity for inhibition of topoisomerase II␣ were carried out using topoisomerase I, which is a DNA-processing enzyme (Pommier et al., 1998 ) that also relieves torsional stress in DNA. Topoisomerase I relaxes DNA through a transient single-strand break in DNA compared with the transient double-strand break in DNA induced by topoisomerase II (Pommier et al., 1998) . As shown by the gel in Fig. 2C S4OH , O3OH, DHDP, SCHO1, OCHO1, and OCHO2 did not detectably inhibit the relaxation activity of topoisomerase I toward supercoiled pBR322 DNA, whereas the well known topoisomerase I inhibitor camptothecin did (Pommier et al., 1998) . QSAR Correlation Analyses of CHO on K562 Cell Growth Inhibition with Topoisomerase II␣ Inhibition. As shown in Fig. 3, A and B, the logarithms of the CHO and K562 IC 50 data were significantly correlated with the logarithm of the IC 50 data for the catalytic inhibition of topoisomerase II␣ (r 2 ϭ 0.56, p Ͻ 0.001 and r 2 ϭ 0.24, p ϭ 0.02, respectively). The significant correlation of the CHO and K562 IC 50 data with topoisomerase II␣ IC 50 suggests that inhibition of topoisomerase II␣ by the bisphenols contributed to the inhibition of cell growth.
Effect of Bisphenols on Stabilization of the Covalent Topoisomerase II␣-DNA Cleavable Complex. Several widely used anticancer agents, including doxorubicin and the other anthracyclines, mitoxantrone, and etoposide (Fortune and Osheroff, 2000; Li and Liu, 2001) , are thought to be cytotoxic by virtue of their ability to stabilize a covalent topoisomerase II-DNA intermediate (the cleavable complex), thereby acting as topoisomerase II poisons. Thus, DNA cleavage assay experiments (Burden et al., 2001) were carried out as we described previously , using etoposide as a positive control to see whether 250 M concentrations of the test compounds stabilized the cleavable complex to produce linear DNA. As shown in Fig. 4, A and B , the addition of 250 M etoposide (lane 3) to the reaction mixture containing topoisomerase II␣ and supercoiled pBR322 DNA significantly (p Ͻ 0.01) induced formation of linear DNA 2.6-fold compared with background levels in the absence of topoisomerase II␣. Linear DNA was identified by comparison with linear pBR322 DNA produced by action of the restriction enzyme HindIII acting on a single site on pBR322 DNA (data not shown). O3OH also significantly (p Ͻ 0.001) increased formation of linear DNA an average of 1.8-fold over background levels. However, as determined by t test, none of the other bisphenols shown in Fig. 4, A and B (S4OH, DHDP,  or SCHO1 ), statistically significantly increased formation of linear DNA over background levels. OCHO1, OCHO2, SCHO2, NSC402321, and NSC40763 were also tested, and they gave similar negative results. These results indicate that only O3OH of the bisphenols tested acted as a topoisomerase II␣ poison.
As exemplified by dexrazoxane (Fattman et al., 1996; Hasinoff et al., 1997) , catalytic inhibitors of topoisomerase II may inhibit cleavable complex formation by topoisomerase II poisons such as etoposide (Andoh and Ishida, 1998; Larsen et al., 2003; Jensen et al., 2005; Jensen et al., 2006) . Experiments were thus carried out to see whether bisphenol pretreatment could antagonize etoposide-induced linear DNA formation by topoisomerase II␣. As the results in Fig. 4 , C and D show, S4OH, O3OH, DHDP, and SCHO1 all reduced the amount of linear DNA produced from etoposide-induced formation of the cleavable complex. SCHO1 decreased the average amount of etoposide-induced linear DNA formation the most (from 1.9-to 1.5-fold over no-drug control levels). However, there was no statistically significant bisphenol- (Ritke et al., 1994a,b; Fortune and Osheroff, 2000) . With less topoisomerase II in the cell, cells produce fewer DNA strand breaks, and topoisomerase II poisons are less lethal to cells. These cell lines provide a convenient way to test whether a drug that inhibits topoisomerase II acts as a topoisomerase II poison . Conversely, a lack of change in sensitivity of a putative topoisomerase II poison to a cell line with a lowered topoisomerase II level can be taken to indicate that poisoning of topoisomerase II was not an important mechanism for this particular agent. We previously reported that topoisomerase II␣ and topoisomerase II␤ protein levels were reduced 6-and 3-fold, respectively, in K/VP.5 compared with K562 cells (Ritke et al., 1994b) . A 72-h continuous treatment with a range of concentrations of the bisphenols was used to generate IC 50 values for growth inhibition in K562 and K/VP.5 cells, as measured with the MTS assay ( Table 1) . None of the bisphenols were very cross-resistant, which again suggests that the bisphenols inhibited cell growth mainly through the catalytic inhibition of topoisomerase II.
Because the bisphenols display some structural resemblance to the bisdioxopiperazine dexrazoxane (ICRF-187) in that both have bis-substituted ring systems joined by linker atoms, we also determined the ability of the bisphenols to inhibit the growth of our previously characterized dexrazoxane-resistant DZR cell line (Hasinoff et al., 1997 (Hasinoff et al., , 2004 Wu and Hasinoff, 2005) . The DZR cell line, which was derived from the parent CHO cell line and has a Thr48Ile mutation in topoisomerase II␣, is 400-fold resistant to dexrazoxane (Hasinoff et al., 1997; Hasinoff et al., 2004; Wu and Hasinoff, 2005) . This mutation is located in the N-terminal ATP binding region of topoisomerase II close to the dexrazoxane binding site (Classen et al., 2003) , and it probably interferes with dexrazoxane binding. The results in Table 1 show that none of the bisphenols were greater than 2.6-fold cross-resistant to the DZR cell line, which indicates that the bisphenols did not inhibit the catalytic activity of topoisomerase II␣ by binding to the bisdioxopiperazine binding site.
Effect of Bisphenols on the K562 Cell Growth Inhibitory Effects of the Topoisomerase II Poisons Doxorubicin and Etoposide.
We and others have shown that the bisdioxopiperazine topoisomerase II catalytic inhibitors dexrazoxane and ICRF-193 antagonized the growth inhibitory effects of doxorubicin, daunorubicin, etoposide, and amsacrine Tanabe et al., 1991; Sehested et al., 1993; Hasinoff et al., 1996) . Likewise, the purine NSC35866 (Jensen et al., 2005) can antagonize etoposideinduced growth inhibitory effects. For dexrazoxane, it may do this by trapping the enzyme in the form of a closed protein clamp, thereby preventing the formation or stabilization of the topoisomerase II-DNA intermediate Tanabe et al., 1991; Sehested et al., 1993) .
To determine whether the bisphenols acted similarly to dexrazoxane and NSC35866 (Jensen et al., 2005) in antagonizing doxorubicin or etoposide growth inhibitory effects on K562 cells, experiments were carried out in which K562 cells were pretreated with either 5 M O3OH or S4OH for 30 min before treatment with doxorubicin (Fig. 5, A and B) and then continuously incubated with both drugs for 72 h before the MTS assay. These concentrations of O3OH or S4OH are approximately 6-fold higher than that required to inhibit the catalytic activity of topoisomerase II␣ (Table 1) , but were not high enough to significantly inhibit the growth of the K562 cells. As shown in Fig. 5, A and B, neither O3OH nor S4OH had much effect on the doxorubicin IC 50 value. O3OH increased the doxorubicin IC 50 value from 0.065 to 0.14 M, whereas S4OH decreased it 0.017 M. Thus, it can be concluded that neither of these bisphenols antagonized doxorubicin-induced growth inhibition of K562 cells through their ability to inhibit topoisomerase II␣.
The ability of 300 M DHDP (a weaker topoisomerase II␣ inhibitor) and S4OH to antagonize etoposide-induced growth inhibition of K562 cells was also evaluated. A 30-min pretreatment with the bisphenol was followed by a 1-h treatment with etoposide, after which both drugs were washed off. The concentrations of DHDP and S4OH were sufficiently high to strongly inhibit the catalytic activity of topoisomerase II␣ (10-and 400-fold above the IC 50 for catalytic activity inhibition, respectively; Table 1 ). As shown in Fig. 5C , DHDP increased the etoposide IC 50 value nearly 6-fold from 17 to 97 M, indicating that it antagonized the growth inhibitory effects of etoposide. However, as shown in Fig. 5D , S4OH, as with the doxorubicin treatment, had little effect, because it decreased the IC 50 value only slightly to 12 M. A similar attempt was made to evaluate O3OH (30 M) and SCHO1 (200 M). However, these compounds could not be evaluated, because even after removal of drugs by washing, both these drugs were growth inhibitory (data not shown), probably as a result of retained drug.
3D-QSAR Modeling Based on the Inhibition of the Decatenation Activity of Topoisomerase II␣ and the Growth Inhibition of K562 Cells. The wide range of topoisomerase II␣ inhibitory IC 50 values allowed us to carry out 3D-QSAR CoMFA and CoMSIA analyses to identify the structural features responsible for the inhibitory activity of the bisphenol compounds. The energy-minimized structure of OCHO2 (Fig. 6A) was selected as the template molecule, because it had meta-and para-substituents on both phenyl The curved solid lines are nonlinear least-squares fits to a four-parameter logistic equation, and they yield IC 50 values of 0.065 Ϯ 0.022 and 0.142 Ϯ 0.008 M, respectively, for no pretreatment and pretreatment with 5 M O3OH. B, K562 cells were either untreated (E) or pretreated (F) with 5 M S4OH for 30 min before treatment with doxorubicin for 72 h before assessment of growth inhibition by an MTS assay. The curved solid lines are nonlinear least-squares fits to a four-parameter logistic equation, and they yield an IC 50 value of 0.0017 Ϯ 0.006 M for pretreatment with 5 M O3OH. The concentration of 5 M O3OH or S4OH is approximately 6-fold higher than that required to inhibit the catalytic activity of topoisomerase II␣. Neither O3OH nor S4OH antagonized the growth inhibitory effects of doxorubicin. C, K562 cells were either untreated (E) or pretreated (F) with 300 M DHDP for 30 min before a 1-h treatment with etoposide, after which both drugs were washed off. After 72 h, growth inhibition was assessed by an MTS assay. The curved solid lines are nonlinear least-squares fits to a logistic equation, and they yield IC 50 values of 17 Ϯ 11 and 97 Ϯ 22 M, respectively, for no pretreatment and pretreatment with 300 M DHDP. D, K562 cells were either untreated (E) or pretreated (F) with 300 M S4OH for 30 min before a 1-h treatment with etoposide. After 72 h, growth inhibition was assessed by an MTS assay. The curved solid lines are nonlinear least-squares fits to a four-parameter logistic equation. The IC 50 value is 12 Ϯ 10 M for pretreatment with 300 M S4OH. The concentration of 300 M DHDP or S4OH was much higher than that required to inhibit the catalytic activity of topoisomerase II␣. rings and thus would occupy 3D space common to many of the bisphenols of Fig. 1 . The other compounds in the data set were prepared by modifying the structure of OCHO2 and energy minimizing all but the aromatic carbon atoms (Fig.  6A) . The resulting aligned structures are shown in Fig. 6B . The results of the CoMFA and CoMSIA analyses of the IC 50 data for the inhibition of the topoisomerase II␣ are summarized in Table 2 . Weakly inhibiting bisphenols, with an IC 50 value larger than 570 M, were not included in the analyses due to inaccuracies in determining these values. No compound was found to be an outlier in the CoMFA analyses. However, S3OH was found to be an outlier in the CoMSIA analysis. Due to the relatively small numbers of compounds in each data set (19 and 18, respectively) all structures were used in the analyses, rather than dividing them into training and validation sets. The predicted and experimental pIC 50 values for the CoMFA and CoMSIA analyses for inhibition of topoisomerase II␣ and K562 cell growth inhibition are plotted in Fig. 7 , A to C, respectively. The CoMSIA analysis was well correlated, with an r 2 value of 0.90 and a moderately good q 2 value of 0.46. However, the CoMFA analysis did not yield good r 2 or q 2 values. The CoMSIA analysis for the inhibition of the topoisomerase II␣ likely yielded a better model because, in addition to the steric and electrostatic contributions to the field, CoMSIA also measures hydrophobic and hydrogen bond donor and acceptor contributions to the field; thus, it provides a more complete description of the interaction of the molecules with its binding site. The electrostatic contribution to the CoMSIA-derived field at 31.7% was the largest contributor to the overall field ( Table 2 ). The hydrogen bond acceptor and hydrogen bond acceptor components at 25.2 and 23.7%, respectively, were the second and third largest contributors to the field (Table 2 ).
An examination of the four isocontour diagrams ("stdev‫ء‬ coeff"; Fig. 6C-F) for the four largest field components for inhibition of topoisomerase II␣ that were mapped onto the OCHO2 molecule shows the regions in space that were either favored or disfavored for inhibitory activity. The green contours indicate regions that increased inhibitory activity, and the red contours indicate regions that decreased inhibitory activity. An examination of the electrostatic field, which makes the largest contribution to the CoMSIA-derived field, showed that bisphenol analogs with polar substituents such as hydroxyl groups in the meta-position on the phenyl rings were favored. For the hydrogen bond acceptor field, the second largest contributor to the CoMSIA-derived field, a metasubstituted heteroatom, as in a hydroxyl or formyl group was favored, whereas the sulfoxide or sulfone oxygens on the bridge were disfavored. For the hydrogen bond donor field para-and meta-substituted hydroxyl groups were favored. For the hydrophobic field, the region around the bridge atom was disfavored, which probably reflects the higher hydrophobicity of the alkyl substituents in this region.
CoMFA and CoMSIA analyses was also carried out on the IC 50 data for K562 and K/VP.5 cell growth inhibition for the 23 bisphenols in Table 1 . The CoMSIA analysis yielded q 2 values of 0.29 and 0.55, respectively, but with six and seven optimum components, respectively (Table 3 ). The r 2 values of 0.91 and 0.97, respectively, were quite good. The predicted and experimental pIC 50 values for the CoMFA and CoMSIA analyses are plotted in Fig. 7 , C and D, for the K562 cells. The electrostatic and hydrogen bond acceptor terms, respectively, made the largest contribution to the overall field, similar to what was found for the topoisomerase II CoMSIA analysis, as might be expected given that their activities are correlated Fig. 6 . A, structure of OCHO2 that was used as a template molecule in the 3D-QSAR modeling for the inhibition of topoisomerase II␣. The atoms connecting the bonds in bold were used for the molecular alignments in the CoMFA and CoMSIA analyses. B, structures of 23 bisphenol energyminimized structures aligned to the template molecule OCHO2 used in the 3D-QSAR modeling. Electrostatic (C), H-bond acceptor (D), H-bond donor (E), and hydrophobic stddev‫ء‬coeff (F) contour maps superimposed on the structure of OCHOH2 obtained from the CoMSIA modeling for the topoisomerase II␣ inhibitory activity of 18 bisphenols. In this order, these were the four most important field components that resulted from the CoMSIA modeling. The green grids outline the regions in space for each field that were favored for topoisomerase II␣ inhibition, whereas the red areas show the regions that were disfavored.
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Discussion
After the identification of DHDP as a new lead bisphenol compound from the National Cancer Institute database with good topoisomerase II␣ inhibitory activity, a series of bisphenol analogs were prepared and tested to identify the structural features that were responsible for their activity. The bisphenols represent a new structural class of catalytic topoisomerase II inhibitors. Some of the bisphenols potently inhibited the growth of CHO and K562 cells in the low micromolar range. The fact that cell growth inhibition of CHO and K562 cells was positively correlated with topoisomerase II␣ inhibition (p Ͻ 0.001 and 0.02, respectively, and an r 2 of 0.56 and 0.24, respectively) suggests that the catalytic inhibition of topoisomerase II contributed to the growth inhibitory activity, even though it may not have been the only mechanism by which these compounds acted. This correlation can be compared with a previous QSAR study in which we showed that a series of 12 bisdioxopiperazines, that included dexrazoxane (ICRF-187) and , that the logarithm of the CHO IC 50 was correlated with the catalytic inhibition of topoisomerase II, with an r 2 ϭ 0.74 and a p ϭ 0.0003 (Hasinoff et al., 1995) . As a group, the bisdioxopiperazines may only target topoisomerase II, whereas the bisphenols may also have inhibited cell growth through other mechanisms involving other targets and also possibly through cytotoxic metabolites.
Of the bisphenols tested, only O3OH significantly induced formation of linear DNA. Thus, O3OH may act, in part, as a topoisomerase II␣ poison. Although O3OH and S4OH were equipotent in their ability to inhibit the decatenation activity of topoisomerase II␣ (Table 1) , only the former induced significant topoisomerase II␣-mediated cleavage of DNA (Fig. 4,  A and B) . This is analogous to the situation with doxorubicin and aclarubicin, two structurally similar anthracyclines that differ only in their sugar residue, in which only the former is a topoisomerase II poison (Larsen et al., 2003) . Most bisphenols were not cross-resistant, or they were only low-fold cross-resistant, to the K/VP.5 cell line containing reduced levels of topoisomerase II␣ and topoisomerase II␤ (Ritke et al., 1994a,b) . These results suggest that most of the bisphenols exerted their activity as catalytic inhibitors of topoisomerase II, but that they did not act as topoisomerase II poisons. Topoisomerase II catalytic inhibitors such as the bisdioxopiperazines dexrazoxane and ICRF-193 (Sehested et al., 1993; Hasinoff et al., 1996) and a newly identified "purine class" (NSC35866) of compounds (Jensen et al., 2005) can antagonize the growth inhibitory effects of topoisomerase II poisons. However, not all of the purines acted like NSC35866, because our follow-up study showed that most of the purines were not capable of antagonizing etoposide-induced cytotoxicity and DNA strand breaks in cells (Jensen et al., 2006) . at ASPET Journals on August 27, 2017 molpharm.aspetjournals.org
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Although S4OH, O3OH, DHDP, and SCHO1 did decrease etoposide-induced linear DNA formation by purified topoisomerase II␣ (Fig. 4 , C and D), these decreases did not achieve statistical significance. Consistent with these results, the bisphenols S4OH and O3OH did not antagonize the K562 cell growth inhibitory effects of the topoisomerase II poison doxorubicin or etoposide (Fig. 5, A , B, and D), although, in contrast, DHDP did antagonize the growth inhibitory effects of etoposide (Fig. 5C ). These results suggest subtle differences in the way that the bisphenols interacted with topoisomerase II. In addition, interference with doxorubicin activity may have been complicated by other mechanisms of growth inhibition such as generation of reactive oxygen species (Gewirtz, 1999) . The lack of cross-resistance (Table 1 ) with the bisdioxopiperazine-resistant DZR cell line indicates that in spite of some general structural similarities, the bisphenols did not interact with the bisdioxopiperazine binding site of topoisomerase II␣.
To further define the structural factors that result in high cell growth inhibitory potency and topoisomerase II␣ inhibitory activity for the bisphenols, 3D-QSAR CoMFA and CoMSIA analyses were carried out to derive a model for the prediction of activity to aid in the synthesis of new and more active analogs. Based on a common substructure alignment (Fig. 6, A and B) , only the CoMSIA analyses for the topoisomerase II␣ inhibitory activity gave a high-quality model based on its q 2 value (Table 2 ). The largest contributors to the CoMSIA field were electrostatic, hydrogen bond acceptor, hydrogen bond donor, hydrophobic and steric contributions, in that order. Mapping of these fields (Fig. 6) onto the structure of OCHO2, one of the most cytotoxic bisphenols, showed that for both the electrostatic and hydrogen bond acceptor fields, bisphenol analogs with a hydroxyl or formyl group in the meta-position on the phenyl rings favored increased topoisomerase II␣ inhibitory activity. However, the sulfoxide or sulfone oxygens on the bridge were disfavored. Polar metahydrogen bond acceptor substituents on the phenyl rings also favored inhibition of topoisomerase II␣.
In summary, a series of bisphenol compounds were identified that were catalytic inhibitors of topoisomerase II. Thus, it is likely that the bisphenols exerted their cell growth inhibitory activity, in part, through their ability to inhibit topoisomerase II␣. Of the bisphenols tested, only O3OH induced significant topoisomerase II␣-mediated cleavage of DNA. Forward development of these compounds or their analogs as clinically useful topoisomerase II targeting agents is supported by the results presented. If these bisphenols are able to antagonize etoposide-induced cleavable complex formation, then these compounds may be clinically useful in preventing systemic toxicity while targeting brain cancer tumors with high-dose therapy with topoisomerase II poisons, as has been suggested for dexrazoxane in previous reports (Jensen and Sehested, 1997a,b; Holm et al., 1998) .
